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(57) A method characterized by making modulated 
light having a predetermined modulation frequency 
component, incident to a scattering medium, receiving 
the modulated light having propagated inside the scat- 
tering medium to acquire measurement signals, detect- 
ing signals of the foregoing modulation frequency com- 
ponent from the measurement signals, obtaining ampli- 
tudes and inclinations of phase against modulation an- 
gular frequency, of the signals of the foregoing modula- 
tion frequency component, calculating a difference be- 
tween absorption coefficients being primary informa- 
tion, based on a predetermined relation among the am- 
plitudes, the inclinations of phase against modulation 
angular frequency and the difference between absorp- 
tion coefficients, and calculating a difference of concen- 
tration of an absorptive constituent being secondary in- 
formation, based on the difference between absorption 
coefficients. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 
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and, more particularly, to a method and apparatus for measuring a temporal change or a spatial distribution of con- 
centration of an absorptive constituent in a scattering medium having non-reentrant surfaces. The invention further 
10 concerns a method and apparatus for measuring a concentration of an absorptive constituent inside the scattering 
medium by use of light of plural wavelengths. 

Related Background Art 

15 There are very strong demands for non-invasive and precise measurements of absorption information including 

a concentration of a specific absorptive constituent inside a scattering medium like a living body, a temporal change 
or a spatial distribution thereof, and so on. Attempts of various methods have been made heretofore, including methods 
using continuous wave light (cw light) and modulated light (for example, pulsed light, square-wave light, sine-wave 
modulated tight, etc.), methods utilizing light of different wavelengths (multi-wavelength spectroscopy), and so on. 

20 These conventional technologies, however, have developed no methods and apparatus capable of accurately 

measuring the concentration of the specific absorptive constituent inside yet for tissues and organs having various 
shapes like the living body or for objects having individual differences of shape though being tissues or organs of a 
same kind. This is a serious problem in non-invasive measurements of living body utilizing light, and improvements 
therein are strongly desired. 

25 Light incident to the scattering medium like the living body propagates inside as scattered and absorbed therein, 

and then part thereof emerges from its surface. Since the outside of the scattering medium is normally air, the light 
emerging from the surface is dispersed in the free space. The light emerging from the surface as described above is 
detected in measurements of internal information of scattering medium. At this time the propagating light spreads 
throughout the entire region of scattering medium and is dispersed from the whole surface to the outside. Therefore, 

30 when the output light is detected at a specific position in the surface, the quantity or a time-resolved waveform of 
detected light greatly varies with change in the shape of medium, for example, depending upon whether it is a sphere 
or a rectangular parallelepiped. 

In order to enhance the measurement accuracy in the cases as deschbed above, it is necessary to sufficiently 
understand the behavior of light inside the scattering medium. Recently, the behavior of light inside the scattering 

35 medium is analyzed, tested, or investigated by Monte Carlo simulations with a computer. It is also known that the 
behavior can be described and analyzed accurately to some extent by the photon diffusion theory. The Monte Carlo 
simulations, however, require an extremely long calculation time and do not allow calculation of a concentration of a 
specific absorptive constituent inside the scattering medium from their results. In utilizing the photon diffusion theory, 
it is necessary to set boundary conditions for solving the photon diffusion equation. However, since the boundary 

40 conditions differ greatly depending upon the shape of scattering medium, new boundary conditions must be set to 
solve the photon diffusion equation for every change in the shape of scattering medium, in order to achieve accurate 
measurement. Scattering media for which the boundary conditions can be set accurately to some extent are limited to 
very simple shapes such as an infinite space, a semi-infinite space, an infinite cylinder, or a slab spreading infinitely 
and having a finite thickness. As '^result, use of approximate boundary conditions is indispensable to measurements 

45 of living tissues having complicated shapes, which is a cause to produce large measuring errors. 

The above problems are also discussed, for example, in the recent literature: Albert Cerussi etal., "The Frequency 
Domain Multi-Distance Method in the Presence of Curved Boundaries," in Biomedical Optical Spectroscopy and Di- 
agnostics, 1996, Technical Digest (Optical Society of America, Washington DC. 1996) pp. 24-26. 

As described above, there are no measuring methods of absorption information sufficient to be systematically 

so applied to scattering media of different shapes yet and it was extremely difficult for the conventional technologies to 
accurately and efficiently measure the concentration of a specific absorptive constituent or the like in the scattering 
media of different shapes systematically. 

SUMMARY OF THE INVENTION 

55 

The present invention has been accomplished in view of the problems in the conventional technologies described 
above and an object of the invention is to newly disclose a method for describing the behavior of light inside the 
scattering media of different shapes (basic relations) and to provide a measuring method and measuring apparatus of 
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absorption information inside the scattering medium, realizing measurements of change, absolute value, or the like of 
concentration of a specific absorptive constituent in the scattering media of various shapes by use of the relations, 
greatly improving the measurement accuracy thereof, and being capable of efficiently measuring a temporal change 
or a spatial distribution thereof. 
5 A first absorption information measuring method of scattering medium according to the present invention is a 

method comprising: (a) making modulated light having a predetermined modulation frequency component, incident in 
a spot shape to a surface of a scattering medium being a measured object; (b) receiving said modulated light having 
propagated inside the measured object at a plurality of timings and/or at a plurality of positions in the surface of said 
scattering medium to acquire measurement signals each thereat; (c) detecting signals of said modulation frequency 
10 component each from said measurement signals; (d) obtaining sine components and inclinations of cosine component 
against modulation angular frequency, of the signals of said modulation frequency component obtained in respective 
measurements at said plurality of timings and/or at said plurality of positions; and (e) based on a predetermined relation 
among said sine components, said inclinations of cosine component against modulation angular frequency, and a 
difference between absorption coefficients at said plurality of timings and/or at said plurality of positions, calculating 
IS said difference between absorption coefficients being primary information. 

Also, a second absorption information measuring method of scattering medium according to the present invention 
is a method comprising: (a) making modulated light having a predetermined modulation frequency component, incident 
in a spot shape to a surface of a scattering medium being a measured object; (b) receiving said modulated light having 
propagated inside the measured object at a plurality of timings and/or at a plurality of positions in the surface of said 
20 scattering medium to acquire measurement signals each thereat; (c) detecting signals of said modulation frequency 
component each from said measurement signals; (d) obtaining cosine components and inclinations of sine component 
against modulation angular frequency, of the signals of said modulation frequency component obtained in respective 
measurements at said plurality of timings and/or at said plurality of positions; and (e) based on a predetermined relation 
among said cosine components, said inclinations of sine component against modulation angular frequency, and a 
25 difference between absorption coefficients at said plurality of timings and/or at said plurality of positions, calculating 
said difference between absorption coefficients being primary Information. 

Further, a third absorption information measuring method of scattering medium according to the present invention 
is a method'comprising: (a) making modulated light having a predetermined modulation frequency component, incident 
in a spot shape to a surface of a scattering medium being a measured object; (b) receiving said modulated light having 
30 propagated inside the measured object at a plurality of timings and/or at a plurality of positions in the surface of said 
scattering medium to acquire measurement signals each thereat; (c) detecting signals of said modulation frequency 
component each from said measurement signals; (d) obtaining amplitudes and inclinations of phase against modulation 
angular frequency, of the signals of said modulation frequency component obtained in respective measurements at 
said plurality of timings and/or at said plurality of positions; and (e) based on a predetermined relation among said 
35 amplitudes, said inclinations of phase against modulation angular frequency, and a difference between absorption 
coefficients at said plurality of timings and/or at said plurality of positions, calculating said difference between absorption 
coefficients being primary information. 

Yet further, a fourth absorption information measuring method of scattering medium according to the present in- 
vention is a method comprising: (a) making modulated light having a predetermined modulation frequency component, 
40 incident in a spot shape to a surface of a scattering medium being a measured object; (b) receiving said modulated 
light having propagated inside the measured object at a plurality of timings and/or at a plurality of positions in the 
surface of said scattering medium to acquire measurement signals each thereat; (c) detecting signals of said modulation 
frequency component each from said measurement signals; (d) obtaining phases and inclinations of natural logarithm 
of amplitude against modulatron'angular frequency, of the signals of said modulation frequency component obtained 
45 in respective measurements at said plurality of timings and/or at said plurality of positions; and (e) based on a prede- 
termined relation among said phases, said inclinations of natural logarithm of amplitude against modulation angular 
frequency, and a difference between absorption coefficients at said plurality of timings and/or at said plurality of posi- 
tions, calculating said difference between absorption coefficients being primary information. 

In the above methods of the present invention, using the difference between absorption coefficients obtained as 
so described above, a difference of concentration of an absorptive constituent can be quantified based on a predetermined 
relation among this difference between absorption coefficients, an absorption coefficient per unit concentration of the 
absorptive constituent, and the difference of concentration of the absorptive constituent. 

In the methods of the present invention modulated light having a plurality of wavelengths may be used. Specifically, 
a fifth absorption information measuring method of scattering medium according to the present invention is a method 
55 comprising: (a) making a plurality of modulated light beams having a predetermined modulation frequency component 
and having different wavelengths at which scattering coefficients of a measured object are substantially equal to each 
other (equal to each other or regarded as equal to each other), incident in a spot shape to a surface of a scattering 
medium being the measured object; (b) receiving said modulated light beams having propagated inside the measured 
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object at a predetermined position in the surface of said scattering medium to acquire measurement signals for said 
respective wavelengths; (c) detecting signals of said modulation frequency component each from said measurement 
signals; (d) obtaining sine components and an inclinations of cosine component against modulation angular frequency, 
of the signals of said modulation frequency component obtained for said respective wavelengths; and (e) based on a 

5 predetermined relation among said sine components, said inclinations of cosine component against modulation angular 
frequency, and a difference between absorption coefficients at said respective wavelengths, calculating said difference 
between absorption coefficients being primary information. 

Also, a sixth absorption information measuring method of scattering medium according to the present invention is 
a method comprising: (a) making a plurality of modulated light beams having a predetermined modulation frequency 

10 component and having different wavelengths at which scattering coefficients of a measured object are substantially 
equal to each other (equal to each other or regarded as equal to each other), incident in a spot shape to a surface of 
a scattering medium being the measured object; (b) receiving said modulated light beams having propagated inside 
the measured object at a predetermined position in the surface of said scattering medium to acquire measurement 
signals for said respective wavelengths; (c) detecting signals of said modulation frequency component each from said 

IS measurement signals; (d) obtaining cosine components and inclinations of sine component against modulation angular 
frequency, of the signals of said modulation frequency component obtained for said respective wavelengths; and (e) 
based on a predetermined relation among said cosine components, said inclinations of sine component against mod- 
ulation angular frequency, and a difference between absorption coefficients at said respective wavelengths, calculating 
said difference between absorption coefficients being primary information. 

20 Further, a seventh absorption information measuring method of scattering medium according to the present in- 

vention is a' method comprising: (a) making a plurality of modulated light beams having a predetermined modulation 
frequency component and having different wavelengths at which scattering coefficients of a measured object are sub- 
stantially equal to each other (equal to each other or regarded as equal to each other), incident in a spot shape to a 
surface of a scattering medium being the measured object; (b) receiving said modulated light beams having propagated 

25 inside the measured object at a predetermined position in the surface of said scattering medium to acquire measure- 
ment signals for said respective wavelengths; (c) detecting signals of said modulation frequency component each from 
said measurement signals; (d) obtaining amplitudes and inclinations of a phase against modulation angular frequency, 
of the signals of said modulation frequency component obtained for said respective wavelengths; and (e) based on a 
predetermined relation among said amplitudes, said inclinations of phase against modulation angular frequency, and 

30 a difference between absorption coefficients at said respective wavelengths, calculating said difference between ab- 
sorption coefficients being primary information. 

Yet further, an eighth absorption information measuring method of scattering medium according to the present 
invention is a method comprising: (a) making a plurality of modulated light beams having a predetermined modulation 
frequency component and having different wavelengths at which scattering coefficients of a measured object are sub- 

35 stantially equal to each other (equal to each other or regarded as equal to each other), incident in a spot shape to a 
surface of a scattering medium being the measured object; (b) receiving said modulated light beams having propagated 
inside the measured object at a predetermined position in the surface of said scattering medium to acquire measure- 
ment signals for said respective wavelengths; (c) detecting signals of said modulation frequency component each from 
said measurement signals; (d) obtaining phases and inclinations of natural logarithm of amplitude against modulation 

40 angular frequency, of the signals of said modulation frequency component obtained for said respective wavelengths; 
and (e) based on a predetermined relation among said phases, said inclinations of natural logarithm of amplitude 
against modulation angular frequency, and a difference between absorption coefficients at said respective wavelengths, 
calculating said difference betwean absorption coefficients being primary information. 

In the above methods of the.present invention using the modulated light having the plurality of wavelengths, using 

45 the difference between absorption coefficients obtained as described above, a concentration of an absorptive constit- 
uent can be quantified based on a predetermined relation among this difference betwejgn absorption coefficients, ab- 
sorption coefficients per unit concentration of the absorptive constituent at the respective wavelengths, and the con- 
centration of the absorptive constituent. Said measurement signals may be also a plurality of measurement signals 
obtained when the light beams are received at a plurality of positions in the surface of said measured object. 

50 A first absorption information measuring apparatus of scattering medium according to the present invention is an 

apparatus comprising: (i) a light incidence section for making modulated light having a predetermined modulation 
frequency component, incident in a spot shape to a surface of a scattering medium being a measured object; (ii) a 
photodetection section for receiving said modulated light having propagated inside the measured object at a plurality 
of timings and/or at a plurality of positions in the surface of said scattering medium to acquire measurement signals 

55 each thereat; (iii) a signal detecting section for detecting signals of said modulation frequency component each from 
said measurement signals; (iv) a first arithmetic section for calculating sine components and inclinations of cosine 
component against modulation angular frequency of the signals of said modulation frequency component obtained in 
respective measurements at said plurality of timings and/or at said plurality of positions; and (v) a second arithmetic 
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section for, based on a predetermined relation among said sine components, said inclinations of cosine component 
against modulation angular frequency, and a difference between absorption coefficients at said plurality of timings and/ 
or at said plurality of positions, calculating said difference between absorption coefficients being primary information. 
Also, a second absorption information measuring apparatus of scattering medium according to the present inven- 

5 tion is an apparatus comprising: (i) a light incidence section for making modulated light having a predetermined mod- 
ulation frequency components incident in a spot shape to a surface of a scattering medium being a measured object; 
(ii) a photodetection section for receiving said modulated light having propagated inside the measured object at a 
plurality of timings and/or at a plurality of positions in the surface of said scattering medium to acquire measurement 
signals each thereat; (iii) a signal detecting section for detecting signals of said modulation frequency component each 

10 from said measurement signals; (iv) a first arithmetic section for calculating cosine components and inclinations of sine 
component against modulation angular frequency, of the signals of said modulation frequency component obtained in 
respective measurements at said plurality of timings and/or at said plurality of positions; and (v) a second arithmetic 
section for, based on a predetermined relation among said cosine components, said inclinations of sine component 
against modulation angular frequency, and a difference between absorption coefficients at said plurality of timings and/ 

15 or at said plurality of positions, calculating said difference between absorption coefficients being primary information. 

Further, a third absorption information measuring apparatus of scattering medium according to the present inven- 
tion is an apparatus comprising: (i) a light incidence section for making modulated light having a predetermined mod- 
ulation frequency component, Incident in a spot shape to a surface of a scattering medium being a measured object; 
(ii) a photodetection section for receiving said modulated light having propagated inside the measured object at a 

20 plurality of timings and/or at a plurality of positions in the surface of said scattering medium to acquire measurement 
signals each thereat; (iii) a signal detecting section for detecting signals of said modulation frequency component each 
from said measurement signals; (iv) a first arithmetic section for calculating amplitudes and inclinations of phase against 
modulation angular frequency, of the signals of said modulation frequency component obtained in respective meas- 
urements at said plurality of timings and/or at said plurality of positions; and (v) a second arithmetic section for, based 

25 on a predetermined relation among said amplitudes, said inclinations of phase against modulation angular frequency, 
and a difference between absorption coefficients at said plurality of timings and/or at said plurality of positions, calcu- 
lating said difference between absorption coefficients being primary information. 

Yet further, a fourth absorption information measuring apparatus of scattering medium according to present inven- 
tion is an apparatus comprising: (i) a light incidence section for making modulated light having a predetermined mod- 

30 ulation frequency component, incident in a spot shape to a surface of a scattering medium being a measured object; 
(ii) a photodetection section for receiving said modulated light having propagated inside the measured object at a 
plurality of timings and/or at a plurality of positions in the surface of said scattering medium to acquire measurement 
signals each thereat; (iii) a signal detecting section for detecting signals of said modulation frequency component each 
from said measurement signals; (iv) a first arithmetic section for calculating phases and inclinations of natural logarithm 

35 of amplitude against modulation angular frequency, of the signals of said modulation frequency component obtained 
in respective measurements at said plurality of timings and/or at said plurality of positions; and (v) a second arithmetic 
section for, based on a predetermined relation among said phases, said inclinations of natural logarithm of amplitude 
against modulation angular frequency, and a difference between absorption coefficients at said plurality of timings and/ 
or at said plurality of positions, calculating said difference between absorption coefficients being primary information. 

40 In the second arithmetic section of the above apparatus according to the present invention, using the difference 

between absorption coefficients obtained as described above, a difference of concentration of an absorptive constituent 
can be calculated based on a predetermined relation among this difference between absorption coefficients, an ab- 
sorption coefficient per unit concentration of the absorptive constituent, and the difference of concentration of the 
absorptive constituent. 

45 The apparatus of the present invention may be also those using the modulated light having a plurality of wave- 

lengths. Specifically, a fifth absorption information measuring apparatus of scattering medium according to the present 
invention is an apparatus comprising: (i) a light incidence section for making a plurality oT* modulated light beams having 
a predetermined modulation frequency component and having different wavelengths at which scattering coefficients 
of a measured object are substantially equal to each other (equal to each other or regarded as equal to each other), 

50 incident in a spot shape to a surface of a scattering medium being the measured object; (ii) a photodetection section 
for receiving said modulated light beams having propagated inside the measured object at a predetermined position 
in the surface of said scattering medium to acquire measurement signals for said respective wavelengths; (iii) a signal 
detecting section for detecting signals of said modulation frequency component each from said measurement signals; 
(iv) a first arithmetic section for calculating sine components and inclinations of cosine component against modulation 

55 angular frequency, of the signals of said modulation frequency component obtained for said respective wavelengths; 
and (V) a second arithmetic section for, based on a predetermined relation among said sine components, said inclina- 
tions of cosine component against modulation angular frequency, and a difference between absorption coefficients at 
said respective wavelengths, calculating said difference between absorption coefficients being primary information. 



5 



BNSDOCID: <EP 0826958A2_I_> 



EP 0 826 958 A2 



Also, a sixth absorption information measuring apparatus of scattering medium according to the present invention 
is an apparatus comprising: (i) a light incidence section for making a plurality of modulated light beams having a pre- 
determined modulation frequency component and having different wavelengths at which scattering coefficients of a 
measured object are substantially equal to each other (equal to each other or regarded as equal to each other), incident 

5 in a spot shape to a surface of a scattering medium being the measured object; (ii) a photodetection section for receiving 
said modulated light beams having propagated inside the measured object at a predetermined position in the surface 
of said scattering medium to acquire measurement signals for said respective wavelengths; (iii) a signal detecting 
section for detecting signals of said modulation frequency component each from said measurement signals; (iv) a first 
arithmetic section for calculating cosine components and inclinations of sine component against modulation angular 

10 frequency of the signals of said modulation frequency component obtained for said respective wavelengths; and (v) 
a second arithmetic section for. based on a predetermined relation among said cosine components, said inclinations 
of sine component against modulation angular frequency and a difference between absorption coefficients at said 
respective wavelengths, calculating said difference between absorption coefficients being primary information. 

Further, a seventh absorption information measuring apparatus of scattering medium according to the present 

IS invention is an apparatus comprising: (i) a light incidence section for making a plurality of modulated light beams having 
a predetermined modulation frequency component and having different wavelengths at which scattering coefficients 
of a measured object are substantially equal to each other (equal to each other or regarded as equal to each other), 
incident in a spot shape to a surface of a scattering medium being the measured object; (ii) a photodetection section 
for receiving said modulated light beams having propagated inside the measured object at a predetermined position 

20 in the surface of said scattering medium to acquire measurement signals for said respective wavelengths; (iii) a signal 
detecting section for detecting signals of said modulation frequency component each from said measurement signals; 
(iv) a first arithmetic section for calculating amplitudes and inclinations of phase against modulation angular frequency, 
of the signals of said modulation frequency component obtained for said respective wavelengths; and (v) a second 
arithmetic section for, based on a predetermined relation among said amplitudes, said inclinations of phase against 

25 modulation angular frequency and a difference between absorption coefficients at said respective wavelengths, cal- 
culating said difference between absorption coefficients being primary information. 

Yet further, an eighth absorption information measuring apparatus of scattering medium according to the present 
invention is an apparatus comprising: (i) a light incidence section for making a plurality of modulated light beams having 
a predetermined modulation frequency component and having different wavelengths at which scattering coefficients 

30 of a measured object are substantially equal to each other (equal to each other or regarded as equal to each other), 
incident in a spot shape to a surface of a scattering medium being the measured object; (ii) a photodetection section 
for receiving said modulated light beams having propagated inside the measured object at a predetermined position 
in the surface of said scattering medium to acquire measurement signals for said respective wavelengths; (iii) a signal 
detecting section for detecting signals of said modulation frequency component each from said measurement signals; 

35 (iv) a first arithmetic section for calculating phases and inclinations of natural logarithm of amplitude against modulation 
angular frequency, of the signals of said modulation frequency component obtained for said respective wavelengths; 
and (V) a second arithmetic section for, based on a predetermined relation among said phases, said inclinations of 
natural logarithm of amplitude against modulation angular frequency and a difference between absorption coefficients 
at said respective wavelengths, calculating said difference between absorption coefficients being primary information. 

40 In the second arithmetic section of the above apparatus of the present invention using the modulated light having 

the plurality of wavelengths, using the difference between absorption coefficients obtained as described above, a con- 
centration of an absorptive constituent can be quantified based on a predetermined relation among this difference 
between absorption coefficients.^^bsorption coefficients per unit concentration of the absorptive constituent at the 
respective wavelengths, and the'concentration of the absorptive constituent. Also, the photodetection section may 

45 comprise a light receiving section capable of receiving the light beams at each of plural positions in the surface of the 
measured object and in this case, it becomes possible to use a plurality of measurement signals obtained when the 
light beams are received at each of the plural positions in the surface of the measured object, as the aforementioned 
measurement signals. 

The present invention will be more fully understood from the detailed description given hereinbelow and the ac- 
50 companying drawings, which are given by way of illustration only and are not to be considered as limiting the present 
invention. 

Further scope of applicability of the present invention will become apparent from the detailed description given 
hereinafter. However, it should be understood that the detailed description and specific examples, while indicating 
preferred embodiments of the invention, are given by way of illustration only since various changes and modifications 
55 within the spirit and scope of the invention will be apparent to those skilled in the art from this detailed description. 
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RRIFF DESCRIPTION OF THE DRAWINGS 

Fig 1 is a schematic diagram to show the track of the photon having propagated inside the scattering medium. 
Fig* 2 is a schematic diagram of the configuration of the apparatus in the first embodiment according to the present 
invention. 

Fig 3 is a graph to show the absorption spectra of hemoglobin and myoglobin. 

Figs 4A, 40 and 4E are schematic diagrams each showing a method for generating sinusoidal modulated light. 
Figs* 4B. 4D and 4F are schematic diagrams each showing sinusoidal modulated light generated by a method 

shown in Figs. 4A, 4G or 4E. 

Figs. 5A. 5B. 50 and 50 are schematic diagrams each showing a light incidence method to the scattenng medium. 
Figs 6a', 6B and 60 are schematic diagrams each showing a light receiving method. 
Fig. 7 is a schematic diagram of the configuration of the apparatus in the second embodiment according to the 
present invention. 

Fig. 8 is a schematic diagram of the configuration of the apparatus in the third embodiment according to the present 

IS invention. ^ ^. ^ * *u 

' Fig. 9 is a schematic diagram of the configuration of the apparatus in the fourth embodiment according to the 

present invention. . x ... * ■ 

Fig. 10 is a schematic diagram of the configuration of the light incidence and detection section of the apparatus in 

the fourth embodiment. 

20 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
(Principle of the Present Invention) 

25 First described is the principle of the present invention. The knowledge described below is one first disclosed by 

the present inventor , ,j lj 

Various constituents in a living tissue are mixed microscopically inhomogeneously i.e., are localized. However, 
considering the spectral analysis of living tissue from the medical and biological viewpoints, most cases are satisfied 
by quantifying a specific constituent contained in the living tissue from an optical characteristic in the macroscopic view 

30 of complex living tissue, i.e.. from a measurement value measured as a mean value. This idea is seen in the impulse 
response and system function of black box in the linear system theory. Let us consider below such an example that a 
homogeneous scattering medium is assumed, light is made incident to a surface thereof, light having propagated inside 
the scattering medium is received at another position to obtain a measurement signal, and a concentration of an ab- 
sorptive constituent contained inside is quantified from the measurement signal. In this case, the contours of the scat- 

35 tering medium are assumed to be those having non-reentrant surfaces; that is. the medium is of an arbitrary shape 
that keeps diffuse light emerging from the medium from reentering the medium. Further, the incident light is assumed 
to be one having an arbitrary time-resolved waveform. In this case, the incident light of the arbitrary ttme-resolved 
waveform can be expressed, as apparent from the Fourier transform principle, by superposition of light components 
modulated at various frequencies, and thus the following discussion will be given in the frequency aspect, considering 

40 the incident light of an arbitrary modulation frequency, 

Fig 1 shows an example of track of a detected photon which has propagated inside a scattering medium or a 
scattering absorptive body. The light is strongly scattered by scattering constituents, so that the optica! path of the 
photon is bent in a zig-zag pattem. At this time the Lambert-Beer's law holds for the zig-zag flight pathlength and the 
intensity of propagating light is expbnentially attenuated against the zig-zag flight pathlength (cumulative length). Name- 

45 ly the flight pathlength (optical pathlength) is given by 1 = ct. where c is the velocity of light in the medium and t is the 
time of flight, and the sun/ival rate of the photon is given by exp(-c^at). where ^3 is the absorption coefficient. When 
the light (light beam) is incident at position P and is detected at position Q. photons ft&ving passed through various 
optical paths are detected, and the quantity of detected light being the sum of those photons, which is the survival rate, 
is proportional to exp(-C|j.at). . ^- u- u • 

50 Accordingly light output h(t) obtained with incidence of impulse light into the scattering medium, which is the 

impulse response, is given as follows. 

h(t)= J(^^,\x^,t)^ s{[i^J)exp('C^J) 0 "') 

55 

In J(^5.^ia.0 = ln s([i^,t)' c\ij 0-2) 
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-^In J(^i,,^,,0 = -cf = -€ 0-3) 
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Here J is a term representing the impulse response or output light. s(ja,. t) a term representing a response when 
Here. term ^^p ^ ^ a^_^^ ^ ^^^^^^^^ ^^^^^ ^^^^ scattering exists), and the exponent term exp(-cM 

a term representing attenuation due to the absorption coefficient The all functions are time-causal functions which 



the absorption 



horome zero when t < 0. Further, ^i- is the scattering coefficient. ^ . . 

The Fourieruansform of impulse response h(t) indicates the system function. Considenng the Foun- tran^orm 
of Eq (1.1) while taking it into consideration that the impulse response h(t) is the t.me-causal function, we can derive 

the following system function H(a)). 

= j^A(r)exp(-jcDr)^f 



• Here RfcLU co) and Xfcu,. co) are the real part (sine component) and the imaginary part (cosine cornponent) 
respSelS ^c^-) and <^ are the amplitude and phase, respectively. A phase delay .s the phase w.th 

The'nlub^muting Eq. (1.1) into Eq. (2) and arranging it. the following equations are derived. These equations are 
30 called as the Cauchy-Riemann equations in the complex function theory. 
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dR{c\i^,(o) _ _ dXjcix^M (3 2) 

3(0 ~ ^^P-a 



It can be further proved that the following relations also hold when Eq. (3.1) and Eq. (3.2) hold. 



ain A{c\i^,<o) a<t>(g^^a>Q>) (4.1) 
dc\x„ " 9co 



ain yA(cn^.co) _ 9(|>(c^g,a)). ^4 2) 



For calculating the absorption coefficient ^. which is the primary object of the present invention, f »her one of Eqs^ 
(3.1 ) to (4.2) may be used. Specifically, it is preferred to use integrations of these equations over i.e., the following 
equations obtained from the above equations. 

. .'?(cp..o)=cP- ^-^^!-°-"^ d^,^;^(0.o). (5.1) 

•"J ad's 
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,V(c^..o)=-cP'=^^54^dp,-.^(0.co). (5.2) 
^ •'0 coy 

In /.{c^.,o) = lilfpL^du, + In ^(O.a) . (5.3) 

^0 ceo 

6(c,,.co) = -c|;= Z^lApto^o . 6(0.a>) . (5.4) 



Here the second terms in the right sides of Eqs. (5.1) to (5.4) are integration constants each of which indicates 
a value at ^a = 0. Described below are methods tor calculating information concerning absorption from measured 
values by use of Eqs. (5.1) to (5.4). 

20 (Measurements of concentration change of absorptive constituent) 

Letusconsideracasewhereinamedlumcontainsonetypeofabsorptiveconstrtuentandtheabsorptio^^ 
u thereof has changed from n^, to with change in the concentration thereof. Supposing Eqs. (5.1) to (5.4) hold 
Sefore and ^ner a^d s(^^t) is invariant before and after the change, the following equations are derived 

25 using ^lai and before and arter the change. 

^(c,„,.a.)-^fa„,.c.).cj;;; °^';^/'°^ d^, . (6.1) 
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With normal scattering media the scattering characteristics may be considered not to change with change in the 
concentration of absorptive constituent. This is just as if ink is mixed in milk. ,« . v tn rfi 4^ 

Next applying the mean value theorem, the foltowing equations are obtained from Eqs. (6.1 ) to (6.4). 



/?(c^,2.co)-/?(c^„.Co) = c( . ("D 



BNSDOCID <EP 0826958A2J_> 



9 



EP 0 826 958 A2 



70 



IS 



20 



25 



Hflra n = 1 2 3 4) denotes a suitable value satisfying the condition of jigi ^ l^xi ^ ^«a2 o"" M^ai ^ Mxi ^j^- 
The ab^ie demonstrates that once we know the nrKxJulation angular frequency co of modulated light "sed .n meas- 
urement and inclinations of the four parameters, ax/ao., aR/aa>. a^aco, ainA/a«.. at , = ^^ we can calculate the 
difference between the absorption coefficients before and after the change, - froni the values ® 
beforand a^L change (which can be obtained all from observed values) and the value of c daterm.ned by the 
refractive index of the medium and ttie velcx:ity of light therein. 

Tn the above case, the above inclinations of the four parameters B. (i = 1. 2. 3. 4) at = 3B/3com,, can be 
expressed as follows by use of the inclinations at ^^i and at 



Here p- is a suitable value satisfying the condition of 0 < p, ^ 1 . In this case, since are monotonic functions and 
the inclinations at n^i and at are normally nearly equal, p, = 1/2 may be assumed measured 
Further, inclinations of the four parameters at the modulation angular frequency co, . aB/a<oK . can be -^^jsured 
by use of modulated light having two modulation angular frequency components satisfying co = ± Aca/2 (> 0). This 
35 relation can be expressed by the following equation. 



50 



d3i{c\Xa.(Si)\ g/(cpe.a)| + i^co 12)- Bi{c^a.<ii\ - Acq / 2) 



40 Sci) 



(9) 



Accordingly, the respective Indinations aB/dco of Eqs. (7.1) to (7.4) become as follows when Eq. (9) is substituted 
into Eq. (8) and p| = 1/2. 

45 

dSiX I 



-5,-(cM.i.a)i - Aco / 2)- 5,-(cp^2.co| - Aco / 2)] (lO) 



55 



ThP ahove described the method tor precisely obtaining dB/3(D. 

o^eThand^ is empirical^ Known that the approximation Of a.>/^^ 
freouencies ffor example at f = aV2ii = 100 MHz or less in measurements of living bodies or the lii<e). This can be 
de'vedbyLS^^^^ 



10 



EP 0 826 958 A2 



Eq. (7.3) is changed to the following. 

/^(CH«2.C0) . p1,(C^^1,(0) + (1 -P)1'«^.2.«» (11) 

'"4(^) = '=<^--^-^ ^ 

• •, . tKot ..oori in Fq ^a^ and d = 1/2 may be normally assunfiedhereln.lt is Clear that 

Beer's law is applied. 

(12) 

eAV = - ^^ai 

the scattering medium from Eqs. (7.1 to (^^'f ^^^^f.^^^^^^ ;;7J,3| ^ of concentration of absorptive constit- 

ence value) nhannfi of concentration of absorptive constituent inside 

„ is also possible to measure a d'3t"buJ^on of ernpor^^^^^^^^^ while mSing or scanning the measuring site, 
the scattering medium by carrying out the ^Jj^^^Jf^^^^^^^^^^^ Concentration of absorptive constituent inside 

In addition, it is also possible to measure a ^'^^ribution of d.«erer^ce^^^^ measuring site along a measured 

the scattering medium with respect to a re erence valu^ ^^^^^ 9^^^.^^ measurements 

object while fixing the pos.t.ons of light incidence and ' ,3,3,ence value. Such measurements 

duringthe movement, and takingameasuredvaluejan^^^^^^^^ 

can be applied to photo-mammography '^^ ^^9"°^^^^^^^^^ ^ no" reentrant contours, and specific application 

(Measurement of concentration oLspecific absorptive constituent) 

The following describes the measurement with modulated light (of modulation angular frequency co) from light 

having two wavelengths X, and X,, i.e.. the ^^r^sorp wTS^^stituenthas the absorption coefficient 

First, let us assume that a scattering mediun^ containing one scattering coefficients of 

for light of wavelength X, and for light of ' ^^'^^ ^r^^^^^^ Such conditions are realized 

K medium for the light of wavelengths X, and X, are equal ^^ -^-^eV^^^^^^ equations to Eqs. (6. 1 ) 

readily by selecting the wavelengths used -^--^-^^^^^^^^^ absorption coefficients and is 

to (6.4) are derived from forgoing Eqs. (5. o f^"^' ^ean the absorption coefficients of the 
different from that in the case o ^^I'^^'^J^'l^-^l^'^ ^^^J^f equations similar to foregoing Eqs. (7.1) to (7.4) are 

ra"rerc:rer^^^^^ 

; lengths. - Hai • can be obtained by use of these ^elow equation, using the absorption 
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lengths and Xg, ei and eg. 



Here values of e, and e, can be preliminarily measured by the electrometer. Accordingly, the absolute concentration 
J o, absorpt^; constituent can be measured in the exactly same manner as the aforementioned measurement ot 

"rintth^e^:^^^^^^^^^^^^^^ 

10 going Eq (6 ^becomes as follows by use of the scattering coefficients and ^ of the measured med.um for the 

light of the wavelengths and A^. 



.^(.u.i.O.c.) ^ ^ 
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In this eouation however, the wavelength dependence of 3*/acD is ignored. Further, b^/b, is a ratio of intensities 
of inddem Jt a! the wavelengths X, and X^and A(^^,, . 0. co) and Ai^. 0, co) are values at ,3 = 0. By th.s. the following 

equation is attained from Eq. (14) as Eq. (7.3) was. 



Ai«n in this case similarlv as in Eq (7.3), m is a suitable value satisfying the condition of Hai ^ ^ ^a2 ^ 
3S ^ > ' : lTe^T^ViT='^^ X = ' £^^(15) becomes equal to foregoing Eq. (7.3). The -efficientb^b, can 
S sett b!/b' = 1 by adjusting the intensity o, incident light. It is also possible to estimate the value of b^A^i Jom a 
measured value of the intensity of light source. Further, k = ^^.'^^'^ can be derh/ed by solving pho^ ^ «us o^ 
Equation for a medium of a simple shape. Here, ^'3, and are transport scattering ^^'^^'^'^^''^X^^l^f^^^ 
X? and ^, respectively. Accordingly, the difference between the absorption coefficients, - 1^, , °^"^^^«*^'7;°^"^ 
taining me specific absorptK^e constrtuent for the light of the two wavelengths can be calculated from Eq. (15). Then 
the concentration V ot the specific absorptive constituent can be further calculated from Eq. (1 3). ,„,^„„.h 
Two pS^Tmeasurements for receiving output light at two positions are carried outjn the above dual-^J^ve^ng^^^ 
soec roThotometry a new relation-will be attained by eliminating the coefficient b^/b, described above. Namely the 
cSSnt SCan be eliminated by util^ 

UisTmSerofioursethatthe above-stated method canbeexpandedtomulti^ 
light having three or more wavelengths. 

(Measurements of spatial distribution of concentration of absorptive constituent) 

The measurement of spatial distribution of concentration of absorptive constituent is achieved by perfomiing the 
abovert:d measu rement at multiple points. This measurement according to the P--j^|— ^^^^ 
urements with the scattering media of various shapes having non-reentrant contours. Speci ic ^PpH^at'on examples 
incTde the phc^to^^ fluoroscopes. optical CT and so on. These examples employ the methods such as 

heTqh reception at multiple points, scanning of light incidence position and light receiving posrtion ar^d the t me- 
sha S meases as occasion may demand. The features of these measurements are the capability of measuring 
the spSSution of concentration of specific absorptive constttuent, the spatial distribution o drtference between 
absoSe constituents of the measured medium for the light of two wavelengths, the spatial distribution of temporal 
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Chance o, concentration of specific absorptK^e constituent, and so on, as described above. These pieces o, inforr^ation 
T^^l^n T<^^'^^ monitor, diagnosis or ana^sls, and surgery or cure. 

(Embodiments) 

redundant description will be omitted. 
10 Pmhodiment 1 

P,. 2 Shows the tirst e^bodi.ent o. the .~ °f ^^^^^ 

present Invention and illustrates -"''^-^^^^^^^^^ ' r^odulated light of predeter- 

of absorptive constituent inside scattering medium 2. !^ , '^^^^ 2irf) is made incident on position 
,s miSLLelengthXandmodulat^frequencyfah^^^^^^^^^^ 

P (light incidence position) in the ^^^^^ ° "^""f "J^^.T^i^io^^^^^ surface. Then a change in the concentration 



20 



25 



30 



35 



40 



45 



SO 



55 



xne autouipuvw s.,^. . 

housed in one casing. modulated light of wavelength X and predetermined 

A laser diode or the like is used as ''9'^^_!°^^^^J°' ^^^^f th wavelength is selected depending upon the 

modulation angular frequency co '-..Q^^-^^JI'^/f^^^^ of IMng body, oxygenated and 

scattering medium and the absorpt«/e ^J^"^"^^" '^^^^'^^^^^^ is often measured and absorption spectra 

deoxy genated hemoglobin and oxygenated oxygenated myog „^ 1 . 3 nm is normally used in the 

of those absorptive constituents are shown in Fig. 3. the range of 1 MHz to 1 GHz. This 

measurements of IMng body. The -<^."f '-'^^.^^^^^^^ In the following, f= 100 

r r iirs^^^^^^^^^^^ - °- 

~idalmodulated.g.^^^^^^^ 

diode as shown in Figs. 4A and 4B. The ^'nusoiaai mo y 

by use of an optical modulator, as shown in Figs. 4C 4D ana in i- g^ ^^^^^ ^^^^^^ scattering 

' The moduiated light emitted from the light ^^^^^ll^j:"^^^^^^^ a'nd the scattering medium 2 is very 

medium 2, which is a measured object. The^ space between t^'e , filled with a liquid 

small In the embodiment of Fig. 2. In practice, having the refractive index and scattering 

substance or a jelly substance {which will be '^^^^^J^f^^T^U^^^^^ propagates in this interface 

coefficient nearly equal to those of the ^^^^^'^^"'f^^^X^^^^ on the surface of scattering medium is 

material to enter the measured object without P^^^^..^^^ ^^^^^ by properly selecting the interface material, 
problematic, influence of the surfacereflec^iono^^^^^^^^ 

The modulated light having propagated '"^'f^^^If^^J^J"";'^^^ p The interface material may also be employed 
Q the distance r apart from the aforementioned ight '"'^f ^^^^^^ of the light received into an electric 

herein for the same reason as abQve. ^I^^^f ^*^'=^°;J.,t'=°"^^^3' ^3 1 4 may be selected from a 

signal, amplifies . if "---^^ -'h^^rotodorrP^^^^^^^^^ in addition to a photomultipller tube, 

phototube, a photodiode. an avalanche photod^ode ^ P'^ photoa ^ ^har-acteristics for detecting the light of prede- 
,n selection of the photodiode. it needs to have the spectral J^^^J^j^V = ^ ^^^^^^ pholodetector is used, 

termlned wavelengths and necessary time may be applied. The other places than the 

Further, the time correlation photon counting method ^n s ^^cture for absorbing or intercepting the light, 

light receiving surface of photodetector are desirably ^equency component from the afore- 

Signal detecting section 15 detects a signal of the P'^f^^'^'"^!'^^^^^ detection, or lock-in detection, well 

mentioned measurement signal. Specifically, ^•;.^^-°"°'^;^,f ^z^^^ with the modulated light 

known, IS used, In this case, the signal section 16 calculates the amplitude A and the 

emitted from the light source 10 as occasion ^.^"^^"f ^^^J.f^ ^'7,'^,,^ frequency from the foregoing signal of the 
inclination (derivative) a*/3co of phase O against l^^^--^^^^^/;,^^^^^^^^ is carried out repetitK^ely Now, let us 
predetermined modulation frequency component. Then the above me 

consider the m-th and (m + 1 )-th measurements. . A„., obtained in the m-th and (m + 1 )-th 
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Eq (7 3) to calculate a change amount of absorption coefficient of scattering medium 2. Ha(m*i) " J^am (primary infor- 
mation) and further calculates a change amount of absorptive constituent by use of aforementioned Eq. (12) 

At this time, for calculating the inclination of phase a4./8a)rn,3. aforementioned Eq. (8) is used and sufficient accu- 
racv is achieved with p = 1/2. Since f = 1 00 MHz. the approximation d<S>/d(o ^ O/co may be applied as described above, 
in the case of f > 1 00 MHz. measurements are conducted with the modulated light of two modulation angular frequencies 
£0= - + Aca/2 0^ and 34./a<olu., is calculated using aforementioned Eq. (10). These arithmetic processes are exe- 
cuted aThigh speed by microcomputers incorporated in the first and second arithmetic sections. 

The second arithmetic section 17 has a function to store the concentration information of absorptive constituent 
thus obtained and display/recording means 18 is a section for displaying or recording these infornration pieces. 

The above arrangement used the modulated light of one wavelength, but modulated light of two or more wave- 
lenqths may also be utilized in practice. Further, it is also possible to make the light incident to one position and to 
detect the propagating light at two or more positions. These may be detected in parallel or in time dwision. 

The means for making the light incident to the scattering medium 2, instead of the light guide 12 shown in Fig^ 2 
may be selected from a method with a condenser lens (Fig. 5A). a method using an optical fiber (Fig. 5B). a method 
utilizing a pinhole (Fig. 5C). a method for making the light incident from inside a body like a gastrocarrera (Fig. 5D). 
and so on. A thick beam of light may also be made incident to the scattering medium 2. In this case, the light source 
may be regarded as an array of plural spot light sources. ^. o «. ,h„,v,^th^H 

The means for detecting the light having diffuse-propagated inside the scattering medium 2. otherthan the me hod 
using the light guide 13 shown in Fig. 2, may be selected from a method for directly detecting it (Fig. 6A). a method 
using an optical fiber (Fig. 6B). a method using a lens (Fig. 6C). and so on. ,.. ^ . ^ ■ , „oti^n 

?he above first arithmetic section 1 6 was described as to the case for calculating the amplitude A and inclination 
30/30) of phase 0. against modulation angular frequency from the signal of the predetemiined modulation frequency 
component However, it may also calculate from the signal of the predetermined modulation frequency component 
either one combination of (i) the sine component with the inclination (derivative) of cosine component against modu- 
lation angular frequency, (ii) the cosine component with the inclination (derivative) of sine component against modu- 
lation angular frequency, or (iii) the phase with the inclination (derK/ative) of natural logarittim of a"iPl"ude against 
modulation angularfrequency.asdescribedpreviously.lnthat case, "amplitude A. inclination 3^3<» of phase oaga nst 

modulation angular frequency, and Eq. (7.3)" in above Embodiment 1 should read (i) sine component, inclination 
Sehvative) of cosine component against modulation angular frequency, and Eq. (7.1).' (ii) -cosirie componer^t. incli- 
nation deLtive) of sine component against modulation angular frequency, and Eq. (7.2).- or (ii.) "phase, inclination 
(derivative) of natural logarithm of amplitude against modulation angular frequency, and Eq. (7.4). Accordingly, the 
first embodiment stated herein can quanttfy the change of concentration of absorptive constituent according to Eqs. 
(7.1) to (7.4). 



Embodiment 2 



Measurements are carried out in the same manner as in above Embodiment 1 except for synchronous scanning 
of the light incidence position P and photodetectlon position Q of the modulated light relative to the scattering medium 
2 and the reference value is a concentration of the absorptive constituent at an arbttrary position, whereby a spatial 
distribution of concentration difference from the reference value can be measured. Also in this case, similarly as in 
above Embodiment 1 , the spatial distribution of difference of concentration of absorptive constituent from the reference 
value can be measured using Eqs. (7.1) to (7.4). „„ih^Hoftha 

Fiq 7 shows the second embodiment of the apparatus of the present invention for cariying out the method of the 
present Invention and illustrates-trie configuration of apparatus 1 (mammography) for measuring the spatial distribution 
of concentration of absorptive 'constituent inside the scattering medium 2 like the breast. In F^. 7 the components 
having the same functions as those shown in Fig. 2 associated with the aforementioned^first embod.rr.ent are deno ed 
by the same symbols. The modulated light of predetermined wavelength X and modulation frequency f (the modulat on 
angular frequency co = 2Kf) is made incident to the surface of scattering medium 2 and the light having propaga ed 
inside the scattering medium is received at the position in the surface on the opposite side. On this occasion, the 
measurement is conducted while synchronously moving the incidence position and photodetection P^'^^°''°^l^^"'°^- 
ulated light. Then, tor example, using a concentration of the absorptive constrtuent in '"^f 
position (the first light incidence position and first photodetection position) as the reference value, the spatial distribution 
of concentration difference of absorptive constituent can be measured. ^ ^ ^ o. o».,i^n -^n w linhtiv 

The apparatus 1 shown in Fig. 7 associated with the second embodiment has first mechanical section 30 for lightly 
nipping the scattering medium 2 in parallel. Namely, the first mechanical section 30 enables the scattermg medium 2 
like the breast to be measured in a slightly flattened state. This first mechanical section 30 is equipped with second 
mechanical section 31 for synchronously moving the incidence position and photodetection position of the modute ed 
light Then this second mechanical section 31 outputs position signals indicating scanning positions and the position 
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signals are supplied to the display/recording section 18 to be utilized for display or recording of the spatial distribution. 
Wavelength selector 11 is disposed in the post-stage ot light source 10 tor emitting the modulated light, so that mod- 
ulated light of a desired wavelength can be selected with necessity. The other portions are the same as in the apparatus 
of the first embodiment described above. 
5 The above arrangement used the modulated light of one wavelength, but modulated light of two or more wave- 

lengths may be used in practice. Further, it is also possible to make the light incident to one light incidence position 
.^^^ detect the propagating light at two or more photodetection positions simultaneously or in time division. 

Embodiment 3 

10 

Fig. 8 shows the third embodiment of the apparatus of the present invention for carrying out the method of the 
present invention and illustrates the configuration of the apparatus for measuring the concentration of absorptive con- 
stituent inside the scattering medium 2. In Fig. 8 the components having the same functions as those in Fig. 2 associated 
with the first embodiment and in Fig. 7 associated with the second embodiment are denoted by the same symbols. 

15 This configuration is arranged to use the modulated light of two wavelengths and and two photodetection distances 
ri and rg. In this case, Eq. (15) described previously holds for each of measurements at the two photodetection distances 
r. and rg. Accordingly, the difference between the absorption coefficients of the measured scattering medium 2 for the 
light of two wavelengths, iia2 " ^^av can be obtained by eliminating the coefficient bg/b^ in Eq. (15) from simultaneous 
equations comprised of two equations based on Eq. (15). In this example, since the modulated light of two different 

20 wavelengths, at which the scattering coefficients are equal to each other or are regarded as equal to each other, is 
made incident to the scattering medium, k in aforementioned Eq. (15) can be k = 1 and Ink is eliminated therefrom. 
For media of simple shape, k = |i'si/|^'s2 be assumed as described previously. From the above, the difference [l^2 
' between the absorption coefficients ot the medium containing a specific absorptive constituent for the light of the 
two wavelengths is calculated from Eq. { 1 5) and the concentration of the absorptive constituent in the scattering medium 

25 can be quantified based on the relation shown in Eq. (13). 

The light source 10 is a laser diode or the like and generates the modulated light of the two different wavelengths 
A.T and and. for example, the modulation frequency f = 100 MHz. The modulated light from the light source 10 is 
subjected to wavelength selection by the wavelength selector 11 and is guided through the light guide 12 to the surface 
of scattering medium 2 being the measured object. In this case, the apparatus may employ a method for making the 

30 modulated light beams of two wavelengths incident simultaneously and in this arrangement the wavelength selector 

1 1 is omitted. ^ ,-• o i 

The space between the light guide 12 and the scattering medium 2 is very small in the embodiment of Fig. 8. In 
practice, however, this space may be widened and it may be filled with a liquid substance or a jelly substance (which 
will be called an interface material) having the refractive index and scattering coefficient nearly equal to those of the 

35 scattering medium 2. as in the first embodiment. Namely, the modulated light propagates in this interlace material to 
enter the measured object without posing any problem. If reflection on the surface of scattering medium is problematic, 
influence of the surface reflection or the like can be decreased by properly selecting the interface material. 

The light having propagated inside the scattering medium 2 is received by first and second light guides 13i. ISg 
placed at the positions (photodetection positions) the distances r^ and rg apart from the light incidence position. The 

40 interface material may also be used herein for the same reason as above. 

The first photodetector 1 4^ and second photodetector convert respective light signals of the light received into 
electric signals, amplify them if necessary, and output measurement signals as to the measurements at the two pho- 
todetection distances r^ and rg. The photodetectors 14i. 142 may be selected from the phototubes, photodiodes. av- 
alanche photodiodes, PIN photodiodes. and so on, in addition to the photomultiplier tubes. In selection of the photo- 

45 detectors, they need to have th6 spectral sensitivity characteristics for detecting the light of predetermined wavelengths 
and necessary time response speed. For weak light signals, high-gain photodetectors are used. Further, the time 
correlation photon counting method for counting photons may be applied. The place^^ other than the light receiving 
surfaces of the photodetectors are desirably constructed in the structure for absorbing or intercepting the light. In the 
case wherein the modulated light of the two wavelengths is made incident simultaneously to the scattering medium as 

so described above, wavelength selecting filters (not illustrated) are set at suitable positions between the photodetectors 
14^. 142 and the scattering medium 2. 

The signal detecting section 15 and first arithmetic section 16 execute the following arithmetic based on the fore- 
going measurement signals respectively obtained in the measurements at the two photodetection distances r^ and rg. 
First, the signal detecting section 1 5 detects signals of the respective predetermined modulation frequency components 

55 from the measurement signals respectively obtained for the modulated light of the two wavelengths. In this case, the 
signal detecting section 15 utilizes a signal synchronized with the modulated light emitted from the light source 10 as 
occasion may demand. Next, the first arithmetic section 16 calculates the amplitudes A and inclinations (derivatives) 
d0/d(o of phase against modulation angular frequency from the respective signals of the predetermined modulation 
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frequency components obtained for the modulated light of the two wavelengths. 

The second arithmetic section 1 7 substitutes the above respective amplitudes A obtained at the two photodetection 
distances for the modulated light of the two wavelengths, and the inclinations of phase dC>/d(a\\i^ obtained from the 
above respective inclinations of phase into aforementioned Eq. (15). solves simultaneous equations comprised of two 
equations obtained for the measurements at the two photodetection distances r^ and r^, calculates the difference 
- u (primary information) between the absorptive coefficients of the scattering medium 2 for the light having the two 
wavelengths and further calculates the concentration of the absorptive constituent by use of aforementioned Eq. (1 3). 
For calculating the inclination of phase ao/acol^^3. aforementioned Eq. (8) is applied and sufficient accuracy is secured 
with p = 1/2 Since f = 100 MHz. approximation dO/d(o = O/co may be applied as described above. In the case of f > 
100 MHz measurements are conducted with the modulated light of the two modulation angular frequencies to = coi ± 
Aa>/2 (> 0) and ao/aoalM^a is calculated using aforementioned Eq. (10). These arithmetic processes are carried out at 
high speed by microcomputers incorporated in the first and second arithmetic sections. 

The above second arithmetic section 17 has a function to store the concentration information of absorptive con- 
stituent thus obtained and the display/recording means 18 is a section for displaying or recording these. 

I n the case wherein incident light intensities of the modulated light of the two wavelengths and to the scattenng 
medium 2 are equal to each other or can be controlled so as to be equal, the second photodetector 142 can be omitted. 
In this case, the coefficient bg/b^ in aforementioned Eq. (15) becomes b^/b^ = 1 and \n(b^^) is eliminated therefrom. 
Thus the difference \x^^ - ^i^i (primary information) between the absorption coefficients of scattering medium 2 for the 
light of the two wavelengths can be calculated directly from Eq. (15) and the concentration of absorptive constituent 
20 can be further calculated using aforementioned Eq. (1 3). 

The above described the method for making the light incident to one position and detecting the light at the two 
other positions. In practice, however, light beams of different wavelengths may be made incident at two positions and 
the light may be detected at another position in parallel or in time division. 

-me above third embodiment may employ either the method for making the light including beams of different wave- 
25 lengths incident or the method for making the beams of different wavelengths incident in time division and using each 
beam In the former case, either one method is selected from a method for forming coaxial beams of the light of the 
different wavelengths and selecting the wavelength by a wavelength selecting filter provided immediately before the 
light incidence position, a method for making the beams incident to the scattering medium as they are and selecting 
the wavelength by a wavelength selecting filter provided immediately before the photodetector, a method for splitting 
30 each detected light into two beams, subjecting them to wavelength selection, and detecting them in parallel by totally 
four photodetectors In the latter case, either one device may be used from a light beam switching device using a mirror 
on the light source side, a wavelength switching device using a filter, a light switching device using an optica! switch, 
and so on The means for making the light incident to the scattering medium and the means for detecting the light 
having diffuse-propagated inside the scattering medium may be selected from those listed in the first embodiment. 
35 The above first arithmetic section 1 6 was described as to the case for calculating the amplitude A and inclination 

dO/a® of phase O against modulation angular frequency from the signal of the predetermined modulation frequency 
component However, it may calculate from the signal of the predetermined modulation frequency component either 
one combination of (i) the sine component with the inclination (derivative) of cosine component against modulation 
angular frequency, (ii) the cosine component with the inclination (derivative) of sine component against modulation 
40 angular frequency, or (iii) the phase with the inclination (derivative) of natural logarithm of amplitude against modulation 
angular frequency, as described previously. In that case, "amplitude A. inclination do/aco of phase ^ against modulation 
angular frequency, and Eq. (15)" in above Embodiment 3 should read (i) "sine component, inclination (derivative) of 
cosine component against modulation angular frequency, and a similar equation to Eq. (15). derived from Eq. (5.1)." 
(ii) "cosine component. inclinatio"rr(derivative) of sine component against modulation angular frequency, and a similar 
45 equation to Eq (15), derived frbrn Eq. (5.2)." or (iii) "phase, inclination (derivative) of natural logarithm of amplitude 
against modulation angular frequency, and a similar equation to Eq. (15). derived from^ Eq. (5.4)-" Specifically, where 
b, = bp and = ^s2. the above similar equations to Eq. (15) are Eq. (7.1) in the case of (i). Eq. (7.2) in the case of 
(ii), and Eq. (7.4) in the case of (iii). Accordingly, the third embodiment described herein can quantify the concentration 
of absorptive constituent by the four methods. 
so In the above third embodiment, when beams of three wavelengths are used, it becomes possible to measure 

concentrations of respective absorptive constituents in a scattering medium containing two types of absorptive con- 
stituents or to measure a concentration of one absorptive constituent and a total concentration of the other absorptive 
constituents in a scattering medium containing multiple types of absorptive constituents. For example, oxygenated 
hemoglobin and deoxygenated hemoglobin has different absorption coefficients depending upon the wavelengths, as 
55 shown in foregoing Fig. 3. Therefore, concentrations of these, and in addition, oxygen saturation or the like, can be 
measured by use of tight of three wavelengths properly selected. In general, when light of n (where n is an integer of 
2 or more) wavelengths is used, concentrations of (n - 1) types of absorptive constituents can be measured. Further, 
the accuracy of concentration measurement of (n - 1) types of absorptive constituents can be improved by using light 
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of (n + 1 ) or more types of >Navelengths. rti««rpnt times (timings), a temporal change of concentration of a 

^ When the above measurement is earned out ^^^^^^^ of concentration can be measured by 

specific absorptive constituent can be "/^f ,f "^J^" ."/.^^^^^^^ and the photodetection position and 

synchronously moving the '-f of the scattering medium. The above second 

obtained in this way. 



Fmhodiment 4 
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P,.gshows the fourth embodiment Of the appar^^^^ 
present invention and illustrates the or an oxygen saturation of hemoglobin 

oxygenated hemoglobin inside the scanenng ^^f^^'^^^'^^^J^^,^^^ t^e whole hemoglobin). This fourth embod.rnent 
(a mtio of concentration of oxygenated hemog'ob.n to '^^^^'^^ZoxLxeci.on distances r, . r^. In this case, similarly 
employs modulated light of three wavelengths X,, '^^ t s are obtained based on either one of 

globin or the like. . container 40 having a mounting band attached around the head 2 

The apparatus shown in Fig. 9 is provided ^'^l^,.^""^'"^'^, "^3^^ section, a first arithmetic section, a second 
like a hair band, and external device 41 incorporating a «'9na' det^*'^^^ 42 to the container 40. The apparatus 
Shme'c section, and a display/recording section - connected ^^^^^^^^^^^ ^ the operation thereof and 
:hown in this embodiment uses the Hght of P^f^^^^^^^^ Fig. 1 0 illustrates the details 

each component device are almost the same as n the apparatus ot .^^.^^ ^^^^.^^^ ^ 

of one portion of the apparatus shown .n '°;«9°'"9 f^J' ^. '^eie 'tor 11 first photodetector 14,. second photodetec^or 

AS Shown in Fig. 10. the light source 10, ^^^^t^^J'^'J^'d^^^^^ 
1 42, and light guides 1 2. 1 3, . 1 3^ are bu.lt in the "^^^"^^^^^^^^^ selection by the wavelength selector 11 to be 
X,,^'x,,.3emittedJromthel^htsour^^^ 

nto electric signals by the first photodetector ^ connector 43 and signal cable 42 attached to the 

power (power supply) and various '^^"^^^^^'^ '^^^"^^^^^^ 41 . The signal detecting section, first arithmetic 
container 40 from the external device ^"f ;° f ^ ^f^^^^^^^^^ of which is illustrated) placed in the external 

sLT4rpror^^^ - ~ 

. -TnTep^Js^rmr^^^^^^^^ 

forsignalsobtainedatthewavelengthsJ^ andX^an^^^^^ wavelengths X, and and at the waveleng hs 

X, and X, and at the wavelengths and ^f'^^^^^^'^Xi^ speed by microcomputers or the like incorporated 
Z and X^. The above arithmetic^ocesses are earned ^^J^,, ^ oan be converted into radio waves 

b the first and second arithmetjc sections. Further, the si^^^^^^^ intervention of signal cable. 

4S or light signals and they can be transmitted to e^e na, ^^^^^^ ^ 33,tion. and photodetection means 

in the present embodiment described above, the l.gh «°" ute human head or the like, the surface reflection or 
„ay be selected from those listed in the first ^'^'if J^^;^" J^J^em^ the aforementioned intertace material 

me gap between the light guides and the head nnigf^t FK^e a P^^^^^^^^^ 

ly be utilized well. Inthiscase, removingthe object may be positioned between the 
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liqht source in the above fourth embodiment Is replaced by modulated light of a predetermined repetition frequency of 
an arbitrary waveform Namely, the fourth embodiment used the sinusoidal modulated light of the predetermined an- 
gular frequency but the modulated light may be of any waveform if it contains a specific frequency component, whereby 
the approach of the fourth embodiment can be applied as it is, to the specific frequency component contained in the 
liaht For example in the case of repetitive pulsed light, there are frequency components of the same frequency as 
;e.».Hion fr«nuencv and inteoral multiples thereof and, therefore, the approach of the fourth embodiment can be 
applied to either one frequency component as it is. The performance that the modulated light of the predetermined 
repetition frequency is required to have is the stable repetition frequency and stable light intensity 

As described above, the absorption information measuring methods and apparatus of scattering medium according 
to the present invention" enable to efficiently measure the concentration change or the absolute concentration of ab- 
sorptive constituent inside the scattering medium of an arbitrary shape comprised of non-reentrant surfaces. Further, 
the present invention enables to measure the spatial distribution of the concentration change and the temporal change 
and spatial distribution of concentration. Further, since the methods and apparatus of the present invention utilize the 
modulated light the utilization factor of light is high and signal-to-noise ratios are large, thus achieving the high meas- 
urement accuracy. Therefore, the methods and apparatus of the present invention allow accurate and efficient real- 
time measurements of oxygen amounts in the brain, oxygen amounts in a leg muscle of a man under motion, concen- 
trations of absorptive constituents in a living tree, and so on. o u • . 

From the invention thus described, it will be obvious that the invention may be varied in many ways. Such variations 
are not to be regarded as a departure from the spirit and scope of the invention, and all such modifications as would 
be obvious to one skilled in the art are Intended for inclusion within the scope of the following claims. 

The basic Japanese Application No. 230683/1996(8-230683) filed on August 30, 1996 is hereby incorporated by 
reference. 



Claims 

1 . An absorption information measuring method of scattering medium comprising: 

making modulated light having a predetermined modulation frequency component, incident in a spot shape 
to a surface of a scattering medium being a measured object; 

receiving said modulated light having propagated inside the measured object at a plurality of timings and/or 
at a plurality of positions in the surface of said scattering medium to acquire measurement signals each thereat, 
detecting signals of said modulation frequency component each from said measurement signals; 
obtaining sine components and inclinations of cosine component against modulation angular frequency, of 
the signals of said modulation frequency component obtained in respective measurements at said plurality of 
timings and/or at said plurality of positions; and 

based on a predetermined relation among said sine components, said inclinations of cosine component against 
modulation angular frequency, and a difference between absorption coefficients at said plurality of timings 
and/or at said plurality of positions, calculating said difference between absorption coefficients being primary 
information. 

2. An absorption Information measuring method of scattering medium comprising: 

making modulated lig'ht having a predetermined modulation frequency component, incident in a spot shape 
to a surface of a scattering medium being a measured object; . 

receiving said modulated light having propagated inside the measured object-at a plurality of timings and/or 
at a plurality of positions in the surface of said scattering medium to acquire measurement signals each thereat; 
detecting signals of said modulation frequency component each from said measurement signals; 
obtaining cosine components and inclinations of sine component against modulation angular frequency, of 
the signals of said modulation frequency component obtained in respective measurements at said plurality of 
timings and/or at said plurality of positions; and 

based on a predetermined relation among said cosine components, said inclinations of sine component against 
modulation angular frequency, and a difference between absorption coefficients at said plurality of timings 
and/or at said plurality of positions, calculating said difference between absorption coefficients being primary 
information. 

3. An absorption information measuring method of scattering medium comprising: 
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I a spot shape 



.aKing .oduiated light having a predetermined -od".a«on frequency component, incident in 
to a surface of a scattering medium ''^'"S^^I^^^^'JnsWeTe measured object at a plurality of timings andtor 
receiving said modulated light ^^^'"9 P^P^S^^^^^^^^ measurement signals each thereat; 

at a plurality of positions in the surface of said ^'^^"^""a l^^'""" ' J measurement signals; 
detecting signals of said modulation '-^-^//^^P^;^^ frequency, of the signals of said 

An absorption information measuring method of scattering medium comprising: 

.aKing modulated light having a predetermined modulation frequency component, incident in a spot shape 
,o a surface of a scattering medium being ^J^^;^";,^^;VX';^easured object at a plurality of timings and/or 
receiving said modulated light hav.ng P/fP^^^^f^^^^^^^^ Measurement signals each thereat; 

at a plurality of positions in the surface of sa,d J measurement signals; 

detecting signals of said -^°duiat.on frequency^^^^^^^^ ,,equency, of 

«rirrtQr\/ infnrmation. 



primary inTormaiion. 

An absorption information measuring method of scattering medium comprising. 
maKing a plural., of modulated «~errSe«^^^^^^^^^^^^^ 

having different wavelengths at J^-^^-JJ-^ o'TcaSng medium being the measured object; 

each other, incident in a spot shape to a ^."^^ce of a scat g ^ predetermined po- 

receiving said modulated light beams having prop^^^^^^^ 

sitioninthesurfaceof saidscattenngmediumtoacqu^e^^^^^^^^ 9 ^ ^^^^^^^ gig^ais; 

detecting signals of said ^^^^^'^^ '^TsZ^^e^^^^ modulation angular frequency, of 

obtaining sine components and '"'^''"at'ons °t co«"^e com^^^ g respective wavelengths; and 

the Signals of said modulation frequency '=°^P°"^"^ component against 

basedonapredetermin^relationamongsa^^^^^^ 33^, ,,3pective wave- 

7 An absorption information measuring method of scattering medium comprising: " 
maKIng a plurali. of modulated 'f-am: hav^^^^^^^^^^^^^^ 

having different wavelengths at which scattering ^eing the measured object; 

each other, incident in a spot shape to a ^."^^^^ °* ^ J^^i^e^ie measured object at a predetemnined po- 

receiving said modulated light beams ^^^If'^S P'^P^J^^^ 

sition in the surface of said scattenng medium to f^^^J^l'^^^^^ measurement signals; 

detecting signals of said modulatk^n ^^TZ oo^P^^^ modulation angular frequency of 

obtaining cosine components and '"'^''"^^'""^ °* ^ " "^^n^^^^^^^ respective wavelengths; and 

the Signals of said modulation 'requencycomponent °^^amd t°r ^ incEnationsof sine component against 

r=s:: — ^^^^ — -'^ " 
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lengths, calculating said difference between absorption coefficients being primary information. 

8. An absorption information measuring method of scattering medium comprising: 

making a plurality of modulated light beams having a predetermined modulation frequency component and 
u.w;.^ Hiff^r^nt wawfliAngths at which scatterlnQ coefficients of a measured object are substantially equal to 
each other incident in a spot shape to a surface of a scattering medium being the measured object, 
receiving said modulated light beams having propagated inside the measured object at a predetermined po- 
sition in the surface of said scattering medium to acquire measurement signals for said respective wavelengths; 
detecting signals of said modulation frequency component each from said measurement signals; 
obtaining amplitudes and inclinations of a phase against modulation angular frequency, of the signals of said 
modulation frequency component obtained for said respective wavelengths; and 

based on a predetermined relation among said amplitudes, said inclinations of phase against modulation an- 
gular frequency, and a difference between absorption coefficients at said respective wavelengths, calculating 
said difference between absorption coefficients being primary information. 

9. An absorption information measuring method of scattering medium comprising: 

making a plurality of modulated light beams having a predetermined modulation frequency component and 
having different wavelengths at which scattering coefficients of a measured object are substantially equal to 
each other incident in a spot shape to a surface of a scattering medium being the measured object; 
receiving said modulated light beams having propagated inside the measured object at a predetemiined po- 
sition in the surface of said scattering medium to acquire measurement signals for said respective wavelengths; 
detecting signals of said modulation frequency component each from said measurement signals; 
obtaining phases and inclinations of natural logarithm of amplitude against modulation angular frequency of 
the signals of said modulation frequency component obtained for said respective wavelengths; and 
based on a predetermined relation among said phases, said inclinations of natural logarithm of amplitude 
against modulation angular frequency, and a difference between absorption coefficients at said respective 
wavelengths, calculating said difference between absorption coefficients being pnmary information. 

10 An absorption information measuring method of scattering medium according to any one of Claims 6 to 9. wherein, 

■ based on a predetermined relation among said difference between absorption coefficients, absorption coefficients 
per unit concentration of an absorptive constituent at said respective wavelengths, and a concentration of the 
absorptive constituent, said concentration of the absorptive constituent is quantified. 

1 1 An absorption information measuring method of scattering medium according to any one of Claims 6 to 1 0. wherein 

■ said measurement signals are a plurality of measurement signals obtained when the light beams are received at 
a plurality of positions in the surface of said measured object. 

12. An absorption information measuring apparatus of scattering medium comprising: 

a light incidence section for making modulated light having a predetermined modulation frequency component, 
incident in a spot shape-te a surface of a scattering medium being a measured object; ^ ^. , . 
a photodetection section for receiving said modulated light having propagated inside the measured object at 
a plurality of timings and/or at a plurality of positions in the surface of said scattering medium to acquire meas- 
urement signals each thereat; " « j 
a signal detecting section for deteoting signals of said modulation frequency component each from said meas- 
urement signals; ^ . . , 

a first arithmetic section for calculating sine components and inclinations of cosine component against mod- 
ulation angular frequency, of the signals of said modulation frequency component obtained in respective meas- 
urements at said plurality of timings and/or at said plurality of positions; and 

a second arithmetic section for. based on a predetemiined relation among said sine components, said incli- 
nations of cosine component against modulation angular frequency, and a difference between absorption co- 
efficients at said plurality of timings and/or at said plurality of positions, calculating said difference between 
absorption coefficients being primary information. 

1 3. An absorption information measuring apparatus of scattering medium comprising: 
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a light incidence section for malting modulated light having a predetermined modulation frequency component, 
incident in a spot shape to a surface of a scattering medium being a measured object; 
a photodetection section for receiving said modulated light having propagated inside the measured object at 
a plurality of timings and/or at a plurality of positions in the surface of said scattering medium to acquire meas- 

s urement signals each thereat; 

a signal detecting section for detecting signals of said modulation frequency component each from said meas- 
urement signals; . • . „ ^ 
a first arithmetic section for calculating cosine components and inclinations of sine component against mod- 
ulation angular frequency, of the signals of said modulation frequency component obtained in respective meas- 

,0 urements at said plurality of timings and/or at said plurality of positions; and 

a second arithmetic section for, based on a predetermined relation among said cosine components, said in- 
clinations of sine component against modulation angular frequency, and a difference between absorption co- 
efficients at said plurality of timings and/or at said plurality of positions, calculating said difference between 
absorption coefficients being primary information. 

IS . . 

14. An absorption information measuring apparatus of scattering medium comprising: 

a light incidence section for making modulated light having a predetermined modulation frequency component, 
incident In a spot shape to a surface of a scattering medium being a measured object; 
20 a photodetection section for receiving said modulated light having propagated inside the measured object at 

a plurality of timings and/or at a plurality of positions in the surface of said scattering medium to acquire meas- 
urement signals each thereat; 

a signal detecting section for detecting signals of said modulation frequency component each from said meas- 
urement signals; . , ■ ■ < 
25 a first arithmetic section for calculating amplitudes and inclinations of phase against modulation angular fre- 
quency, of the signals of said modulation frequency component obtained in respective measurements at said 
plurality of timings and/or at said plurality of positions; and 

a second arithmetic section for, based on a predetermined relation among said amplitudes, said inclinations 
of phase against modulation angular frequency, and a difference between absorption coefficients at said plu- 
30 rality of timings and/or at said plurality of positions, calculating said difference between absorption coefficients 

being primary Information. 

15. An absorption information measuring apparatus of scattering medium comprising: 

a light incidence section for making modulated light having a predetermined modulation frequency component, 
incident in a spot shape to a surface of a scattering medium being a measured object; 
a photodetection section for receiving said modulated light having propagated inside the measured object at 
a plurality of timings and/or at a plurality of positions in the surface of said scattering medium to acquire meas- 
urement signals each thereat; 

a signal detecting section for detecting signals of said modulation frequency component each from said meas- 

afirSthmetic section for calculating phases and inclinations of natural logarithm of amplitude against mod- 
ulation angular frequencj^ of the signals of said modulation frequency component obtained in respective meas- 
urements at said plurality of timings and/or at said plurality of positions; and 

a second arithmetic section for, based on a predetermined relation among said phases, said inclinations of 
natural logarithm of amplitude against modulation angular frequency, and a difference between absorption 
coefficients at said plurality of timings and/or at said plurality of positions, calculating said difference between 
absorption coefficients being primary information. 

so 1 6 An absorption information measuring apparatus of scattering medium according to any one of Claims 1 2 to 1 5, 
■ wherein said second arithmetic section further calculates a difference of concentration of an absorptive constituent 
based on a predetermined relation among said difference between absorption coefficients, an absorption coefficient 
per unit concentration of the absorptive constituent, and said difference of concentration of the absorptive constit- 
uent. 

17. An absorption information measuring apparatus of scattering medium comprising: 

a light incidence section for making a plurality of modulated light beams having a predetermined modulation 
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frequency component and having different wavelengths at which scattering coefficients of a measured object 
are substantially equal to each other, incident in a spot shape to a surface of a scattering medium being the 
measured object; 

a photodetection section for receiving said modulated light beams having propagated inside the measured 
object at a predetermined position in the surface of said scattering medium to acquire measurement signals 
for said respective wavelengths; 

a signal detecting section for detecting signals of said modulation frequency component each from said meas- 
urement signals; 

a first arithmetic section for calculating sine components and inclinations of cosine component against mod- 
ulation angular frequency, of the signals of said modulation frequency component obtained for said respective 
wavelengths; and 

a second arithmetic section for, based on a predetemnined relation among said sine components, said incli- 
nations of cosine component against modulation angular frequency, and a difference between absorption co- 
efficients at said respective wavelengths, calculating said difference between absorption coefficients being 
primary information. 

18. An absorption information measuring apparatus of scattering medium comprising: 

a light incidence section for making a plurality of modulated light beams having a predetermined modulation 
frequency component and having different wavelengths at which scattering coefficients of a measured object 
are substantially equal to each other, incident in a spot shape to a surface of a scattering medium being the 
measured object; 

a photodetection section for receiving said modulated light beams having propagated inside the measured 
object at a predetermined position in the surface of said scattering medium to acquire measurement signals 
for said respective wavelengths; 

a signal detecting section tor detecting signals of said modulation frequency component each from said meas- 
urement signals; 

a first arithmetic section for calculating cosine components and inclinations of sine component against mod- 
ulation angular frequency, of the signals of said modulation frequency component obtained for said respective 
wavelengths; and 

a second arithmetic section for, based on a predetermined relation among said cosine components, said in- 
clinations of sine component against modulation angular frequency and a difference between absorption co- 
efficients at said respective wavelengths, calculating said difference between absorption coefficients being 
primary information. 

19. An absorption information measuring apparatus of scattering medium comprising: 

a light incidence section for making a plurality of modulated light beams having a predetermined modulation 
frequency component and having different wavelengths at which scattering coefficients of a measured object 
are substantially equal to each other, incident in a spot shape to a surface of a scattering medium being the 
measured object; 

a photodetection section for receiving said modulated light beams having propagated inside the measured 
object at a predeterminea position in the surface of said scattering medium to acquire measurement signals 
for said respective wav.etengths; 

a signal detecting section for detecting signals of said modulation frequency component each from said meas- 
urement signals; 

a first arithmetic section for calculating amplitudes and inclinations of phase against modulation angular fre- 
quency, of the signals of said modulation frequency component obtained for said respective wavelengths; and 
a second arithmetic section for, based on a predetermined relation among said amplitudes, said inclinations 
of phase against modulation angular frequency, and a difference between absorption coefficients at said re- 
spective wavelengths, calculating said difference between absorption coefficients being primary information. 

20. An absorption information measuring apparatus of scattering medium comprising: 

a light incidence section for making a plurality of modulated light beams having a predetermined modulation 
frequency component and having different wavelengths at which scattering coefficients of a measured object 
are substantially equal to each other, incident in a spot shape to a surface of a scattering medium being the 
measured object; 
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urement signals; ;«^i:nati<-inQ nf natural loaarithm of amplitude against mod- 

a first arithmetic section for calculating P^^a-« -^-.r'Tf ^.^^^^^^^ obtained for said respective 

ulation angular frequency, of the signals oi saia nr.u^u^.,^. . t. — ■ h 

wavelengths; and ^„,„,^ir.oH roiaiion amona said phases, said inclinations of 

a second arithmetic section for, based on a P^^.d^t^^'"'"^ /fj^ °" between absorption 

primary intormation. 

wherein the second ar9hmel» seclKm lurther '"^''"^,|jl,„,, abiorpfcn coeffici.ms p.- unH 

-nrrorrre«^e'rr;:s^^^^^^^^^^^ 

constituent. 

wherein said pwod.lection section compnees a "J™ meaeurement signals are a plurality 

said measured object. 

ao A s,s,en, lor determining tn, ten,po»l or spat^l variation o, an aPsorptlon coetncien, o, an adsorption const.uent 

contained in a medium, tlie system comprising: 

.„,d«,n, tne ntediun, w.n a rad»,ion ^gnal ^ • P'— ^^.^^^^^^^ 

the radiation signal being modulated with .hZrom « iSsuIl oh.raoteristios o. the mod-Wlon 

variation of the absorption coefficient; 
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Fig. 8 
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(57) A method characterized by making modulated 
light having a predetermined modulation frequency 
component, incident to a scattering medium, receiving 
the modulated light having propagated inside the scat- 
tering medium to acquire measurement signals, detect- 
ing signals of the foregoing modulation frequency com- 
ponent from the measurement signals, obtaining ampli- 
tudes and inclinations of phase against modulation an- 
gular frequency, of the signals of the foregoing modula- 
tion frequency component, calculating a difference be- 
tween absorption coefficients being primary informa- 
tion, based on a predetermined relation among the am- 
plitudes, the inclinations of phase against modulation 
angular frequency and the difference between absorp- 
tion coefficients, and calculating a difference of concen- 
tration of an absorptive constilu^ being secondary in- 
formation, based on the difference between absorption 
coefficients. 
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